The aim of this study was to investigate the influence of an isolating silicone stopper on the measuring accuracy and display consistency of three electrometric apex locators. The length of the canal to the major foramen was determined electrometrically using an ISO size 10 file in 20 extracted teeth each with natural crowns (Group I), amalgam fillings (Group II) or base-metal crowns (Group III), The measurements were performed with isolating or conventional silicone stoppers using three different apex locators with a four-level scale consistency rating. The use of isolating stoppers resulted in a more consistent display than with conventional stoppers, independent of the presence or type of coronal restoration (P = 0.017). Across all coronal restorations, the position of the major foramen could be determined to within AE 0.5 mm without significant differences (P = 0.79) using conventional and isolating stoppers. The use of modified isolating stoppers provides a significant increase in display consistency.
Introduction
The precise determination of the endodontic working length is an essential prerequisite for endodontic treatment success (1) (2) (3) . Numerous studies have examined the accuracy of various electrometric devices compared to X-ray methods in obtaining the best length measurements for expanding and filling the root canal system. Electrometric determination of the working length is superior to X-ray in terms of accuracy and has therefore become an indispensable tool for endodontic therapy (4) (5) (6) . Comparative studies on the accuracy of electrometric length determination and cone-beam computed tomography (CBCT) have been published in increasing numbers, with results ranging from superiority of the electrometric measurement (in vitro) or a very good correlation of the results to equally good results (in vivo) (7) (8) (9) (10) . The accuracy of apex locators in determining the length of the major foramen (AE 0.5 mm) is currently between 32.1% and 88.22%, depending on the device and the irrigant used (11, 12) . There are also several additional factors that adversely affect the results or even prevent reliable measurements (13, 14) . False positive readings can occur if the current is 'sidetracked' by perforations, major accessory canals or metallic restorations. Direct current discharge has repeatedly been discussed as a possible cause of inaccurate measurements (15, 16) . In general, studies of the measurement accuracy of electrometric devices exclude teeth with metallic restorations. Only a single study focused on the accuracy and consistency of the displays of electrometric devices as a function of, among others, the type of coronal restorations encountered. In that study, however, the radiological control measurement of the length (0-2 mm before the radiological apex) showed no significant influence of the restoration on the result (17) .
The aim of the present in vitro study was to investigate the influence of the use of a modified isolating silicone stopper on the accuracy and consistency of root canal length measurements with different electrometric devices in extracted teeth with various types of coronal restorations. The following hypotheses were tested: (i) The isolating stopper resulted in no differences in terms of measurement accuracy and consistency compared to conventional stoppers; (ii) The accuracy and consistency of the measurement is independent of the electrometric device used; (iii) The coronal restoration does not affect measurement accuracy and consistency.
Materials and methods

Preparation of teeth and isolating stopper
A total of 60 extracted, single-rooted maxillary and mandibular anterior teeth were used in this study. Endodontically treated teeth, teeth with incompletely developed roots development or with visible resorptions, perforations or fractures and teeth that had undergone apical resection were excluded. The teeth were examined under a surgical microscope at 169 magnification and by radiographs to assess the patency of the root canal system. The study and the use of extracted teeth was approved by the relevant ethics committee and assigned Study Number 4788.
All teeth were stored in 3% sodium hypochlorite (NaOCl) for 2 h and then cleaned with a scaler. While awaiting further processing, and during study periods with no investigations, the teeth were stored in a 0.1% thymol solution. The extracted teeth were randomly assigned to three groups (each n = 20) before preparing teeth according to the requirements of each group:
• Group I: teeth with clinically intact, unrestored crowns.
• Group II: teeth that had been prepared with a mesiolingual amalgam restoration in direct contact with the subsequent trephination opening.
• Group III: teeth that had been prepared and restored with a cemented base-metal crown.
Extracted teeth were inspected for cracks or other damage under the surgical microscope, then trephined with a diamond bur. The oval access cavity was chosen such that the measurement could be carried out reproducibly and without contacting the wall, even with an isolating stopper present.
A secondary access cavity was prepared using GatesGlidden drills. To establish defined and reproducible reference points for subsequent electrometric length measurements, the respective points were marked with a waterproof black pen.
To check apical patency, a glide path was created with an ISO #10 K-file (steel). The file was advanced until it became barely visible at the major foramen to exclude any calcification of the root canal. With funnel-shaped foramens, the file was advanced to where the tip of the instrument touched an imaginary tangent of the major foramen (18) . The silicone stopper was placed on the predetermined reference point and secured in place with a light-cured flowable composite resin. Then the file was removed from the root canal and the distance between the stopper and the file tip was measured using a digital measuring gauge. The tooth groups had the following lengths (mean): Subsequently, the coronal and middle thirds of the root canals were prepared with a nickel-titanium file of size 20.06 (Mtwo; VDW, Munich, Germany) to 5 mm from the predetermined end point. The initial apical root canal diameter was then checked with an ISO #20 NiTi K-file. If the file was able to pass the apical foramen, the tooth was excluded from the study and a new tooth prepared.
To produce the isolating stoppers, a PVC tube with an inner diameter of 0.7 mm and an outer diameter of 1.1 mm (RCT-SHT-53; Reichelt, Heidelberg, Germany) was adhesively attached to a prefabricated rubber stopper (VDW GmbH, Munich, Germany) with an industrial adhesive (Madocolor, Munich, Germany). The combined length of the hose and stopper was 8 mm.
Electrometric length determination
The endodontic working length was measured using three different electrometric devices:
• Elements Diagnostic Unit (EDU; SybronEndo, Anaheim, CA, USA)
• Raypex 6 (RAY; VDW GmbH, Munich, Germany)
• Root ZX mini (RZX; J. Morita, Tokyo, Japan) All devices were used according to the manufacturers' recommendations.
To perform the measurements, the prepared teeth were placed in alginate to the cementoenamel junction. The restoration margins within Groups II and III teeth were in direct contact with the alginate.
Each root canal was rinsed, before the measurement, with 3 ml of 3% NaOCl solution. To achieve comparability of fluid levels within the root canal system and to ensure comparability of the electrometric measurements, NaOCl solution was aspirated with a syringe up to the access opening and the pulp chamber was dried for 2 s with lateral airflow.
An ISO #10 K-file with a commercial silicone stopper and a file with a modified stopper with additional isolation ( Fig. 1 ) was used for each tooth group. The order in which the electrometric devices and silicone stoppers were used on each tooth was determined randomly.
To evaluate the consistency of the measurement, the display was filmed throughout the measurements.
The EDU displays a flashing apex symbol and a negative numerical value as soon as the apical foramen has been passed. A stable apex symbol and a value of zero indicate that the major foramen has been reached.
The RZX displays one red bar and flashes the word "APEX" when the apical foramen is passed, accompanied by a constant tone. The major foramen is considered to be reached when the last green bar meets the zero line.
The RAY displays a red warning dot when the apical foramen is passed. When the major foramen is reached, a line is marked in red, accompanied by a constant tone.
For all devices, the silicone stopper was adjusted to the set reference point when the display had indicated that the apical foramen had been reached for at least 5 s. The stopper was adhesively attached, and the distance from stopper to the tip of the file was measured with an endodontic measuring gauge. If no consistent display was obtained after inserting a file into the root canal, the measurement was repeated. If a consistent display was still not obtained after three attempts, this was recorded as "inconsistent".
The consistency of the electrometric display results was rated independently by two experienced endodontists based on the data analysis of all recorded measurements and using the following rating scale: 1. "Consistent": displayed measurements remain stable and correspond to the movements of the file. 2. "Mostly consistent": displayed measurements are sporadically discontinuous (up to twice) in the coronal or apical measuring range, with otherwise stable displayed values. 3. "Mostly inconsistent": displayed measurements are sporadically discontinuous (more than twice) within the canal and also beyond the apex. There is no clear correspondence of the display with the movements of the file.
4. "Inconsistent": no measuring result that remains stable for at least 5-s can be obtained at the major foramen after three attempts.
The accuracy of the measurements for each group was determined by recording the measured lengths and determining the difference from the previously obtained reference length up to the major foramen. The measurement was considered successful if the display of the length was stable for a period of 5 s. After adjusting the silicone stopper to the reference point, the stopper was adhesively attached and the length recorded in a measurement protocol.
Statistics
Statistical analysis was performed using the SPSS program (IBM SPSS Statistics 22; IBM, Ehningen, Germany). For each group, the corresponding averages were calculated along with the associated standard deviations. A two-factor ANOVA with repeated measures on two factors was conducted to evaluate the impact of the device and stopper used, independent of the coronal study on measurement accuracy and display consistency. The influence of the stopper used as a function of coronal restoration (crown/amalgam filling vs. natural tooth crown) was examined three factors (device, stopper type, coronal restoration) by a two-factor ANOVA with repeated measurements. The level of significance for observed differences was set at p < 0.05.
Results
Measuring accuracy for the apical reference point
While 20 measurements each were carried out for devices RAY and RZX, no valid length could be obtained for four measurements with the EDU device due to "Inconsistent" readings (category 4) (Table 1a and b).
The apex locators achieved an accuracy of 89.3% and 91.5% (EDU), 90% and 95% (RAY), and 93.3% and 93.3% (RZX) with conventional or isolating stoppers, respectively, with a tolerance of AE 0.5 mm in locating the major foramen.
The evaluation of all measurements in Groups I to III for accuracy showed that the use of conventional or isolating stoppers had no significant influence on the precision of the measurements (P = 0.576) nor did the different instruments significantly affect measurement accuracy, independent of the stoppers used (P = 0.79). Moreover, there was no influence of the stoppers on the apex locator devices (P = 0.82). Regardless of the device and the stopper type, the measurement accuracy was significantly different between the natural tooth group and the amalgam filling/crown groups (P = 0.003). The 
Consistency of the displayed results
There was a significant improvement in display consistency when using the isolating stoppers compared to the conventional stoppers, regardless of the device used (P = 0.017).
The measuring devices exhibited significantly different display consistencies that were independent of the stopper type used (P = 0.017). The RAY showed the most consistent display of the three devices tested (P < 0.001). This consistency was further significantly improved when using the modified stopper with additional isolation (P = 0.0121). The type of stopper influenced the consistency of the displays in the same manner, with no difference between the devices being detectable (P = 0.610).
The type of coronal restoration did not influence display consistency either when looking at different measuring devices or when looking at different stopper types (P = 0.214) (Fig. 2) .
Discussion
The three hypothesis tested were only partially confirmed. There was no influence of the isolating stopper on measurement accuracy, but there was a significant influence on measurement consistency. There were no significant differences in measurement accuracy between devices, but the consistency of the RAY display was significantly higher than those of the other two devices (P < 0.001). The presence and type of the coronal restoration had an influence on measurement accuracy, but not on the consistency of the display.
Teeth were placed in freshly mixed alginate, which has been found to be a reliable and accurate embedding material (19) (20) (21) . An ISO size #10 stainless steel file was used for the measurements. Teeth with excessively wide canals or open apices were excluded, as the use of small files influences measuring accuracy (22) . However, the use of ISO size 6, 8 or 10 compared to an ISO #15 file resulted in no significant difference in measurement accuracy. NaOCl solution was the irrigant of choice in this study as it is the most widely used irrigant in Table 1 Accuracy (%) of the electrometric measurements with conventional stoppers (a) and isolating stoppers (b) with respect to the major foramen (I: natural tooth; II: amalgam filling; III: base-metal crown) with the Elements Diagnostic Unit (EDU), Raypex 6 (RAY) and Root ZX mini (RZX). Due to "inconsistent" measurement displays (rating level 4), a well-defined length could not be determined for all 20 teeth using EDU, so that no length values were recorded. No significant differences were found between the devices tested endodontics (23) . Some studies, however, have shown no effect of NaOCl on the accuracy of electrometric length determinations either in vitro or in vivo (11, 24) . Excess NaOCl was aspirated with a syringe and the access dried for 2 s with laterally applied air (11, (25) (26) (27) to avoid any influence of the measurement by varying amounts of liquid within the access cavity.
In comparable studies, either the major foramen or apical constriction have been chosen as endpoints. In this study, the major foramen was chosen as the morphology and location of the apical constriction varies widely (28), potentially making accurate localisation significantly more difficult (27, 29) .
Clinical reports have previously led the reader to believe that electrometric accuracy is highest in the absence of metallic coronal restorations. Interestingly, in this study, the position of the major foramen could be located significantly more accurately in teeth with coronal restorations (amalgam fillings, crowns) than in teeth with natural crowns (P = 0.003). One possible explanation is that the examined groups of teeth with coronal restorations were slightly shorter (mean lengths: 19.89 mm for amalgam fillings and 17.97 mm for metal crown restorations vs. 20.72 mm for natural tooth crowns), ensuring more accurate measurements achieved with the apex locators possible (30) .
Conventional stoppers exhibited measurement accuracies of 89.3% (EDU), 90% (RAY) and 93.3% (RZX), respectively, in a tolerance range of AE 0.5 mm at the major foramen. These findings correspond to the results of a similar study, which found 95% or 93.4% accuracy for the Root ZX mini, depending on the selected file size (18) . The results of the present study for the Raypex 6 were 90% and 95% measurement accuracy (AE 0.5 mm), which is comparable to results with 90.41% (9) and slightly better than the 88.22% result in another study (12) . At 89.3% and 91.5% (AE 0.5 mm), the EDU also exhibited an accuracy in detecting the apical foramen similar to other studies that reported 90% (31) or 86.2% and 84.8% depending on file size (18) .
The consistency of the display was evaluated using predefined rating criteria. Mean display consistency in the present study was between 1.3 (RAY with modified stopper) and 2.1 (EDU with conventional stoppers). Overall, the display consistency of the investigated apex locators can be rated as very good, regardless of the presence or type of coronal restoration. The measuring consistency of the RZX and EDU -unlike that of the RAY -significantly deteriorated in the presence of a base-metal crown restoration. No such influence was found when using the modified stopper. The present results partly contradict the results reported by El Ayouti et al. (17) who found metallic restorations had no influence on the consistency of the measurement display. This difference may be due to the application of slightly different evaluation criteria.
In the present study, only sporadic display inconsistencies were observed, and only when using the EDU. These inconsistencies occurred in 6.7% (with a conventional stopper) and 1.7% (with modified stopper) of measurements.
A similar study showed unstable displays in 5% of the measurements when using the Root ZX and 12.5% when using the EDU (25) . In another study, inconsistent measurements were reported to have occurred when using the EDU in 6.7% of cases, 0-1 mm from the major foramen. The Raypex 5 and Root ZX mini apex locators, by contrast, presented no unstable measurements of the major foramen (18) . The results of those studies are consistent with the findings presented here. A possible explanation of this result may be the way in which the The percentages refer to the incidence of consistent displayed measurements per tooth group (I: natural tooth; II: amalgam filling; III: base-metal crown) using the four ratings of "consistent" (1), "mostly consistent" (2), "mostly inconsistent" (3) and "inconsistent" (4). Different superscript letters indicate significant differences between the measuring groups (combinations of devices and stoppers). No significant differences were found between the coronal restorative materials.
measurement is performed. While the Root ZX uses two frequencies to measure differential impedance and the EDU uses AC capacitance and resistance (32) , the Raypex uses two frequencies for the measurement which processes in an unreported way. Devices that determine the length by way of impedance measurements use both a capacitor and a resistor for this purpose (32) . Another study found inconsistent displays in 8.8% of the measurements with the Root ZX and in 21.8% of those with the Raypex 5. The Root ZX apex locator exhibited a statistically significant higher display consistency than the Raypex 5 (17) . However, comparisons with the results of El Ayouti et al. (17) are limited, as that study had a different definition of display stability.
The results of this study suggest that an isolating rubber stopper has distinct advantages in terms of display consistency without adversely affecting measurement accuracy. Therefore, it can be concluded the use of isolating rubber stoppers could potentially facilitate faster and more reliable measurements in clinical practice. Clinical trials are required to examine the practicality, accuracy and consistency of measurements in vivo.
Conclusion
All apex locators examined can reproducibly and accurately locate the major foramen.
The modified stoppers with additional isolation improved measurement accuracy and provided a significant advantage in terms of measurement consistency. The use of the modified stoppers increased the display stability of the electrometric apex locators tested, independent of the presence and type of coronal restoration.
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